Diatoms are single cellular algae encapsulated in an external wall of micro-structured porous silica called the frustule. Diatoms are present in all water environments and contribute with 20-25 % of the global primary production of oxygen by photosynthesis. The appearance of the frustule is very species dependent with huge variety in size, shape, and microstructure. We have experimentally investigated optical properties of frustules of several species of diatoms to further understand light harvesting properties together with common traits, effects and differences between the different frustules. We have observed, when incident light interacts with the micro-structured frustule it is multiple diffracted giving rise to wavelength dependent multiple focal points and other optical effects. Experimental results have been simulated and well confirmed by free space FFT propagation routine analysis software. The software uses parameters which are extracted from experimental images as basis for simulation and allows us to extract the influence of the different elements of the frustule. The information could be used both for predicting optical properties of diatoms and by changing frustule parameters, maybe by altering growth conditions of the diatoms tailor their optical properties.
INTRODUCTION
Diatoms are a class of unicellular photosynthetic microorganisms and are among the most common phytoplankton in the oceans and other water environments. They have a colossal impact on the primary production of the world contributing with around 25% of the total amount equaling that of the rainforests [1, 2] . Setting diatoms apart from other phytoplankton is the nanostructured silica shell surrounding the protoplasm, called the frustule unique for each of the over 200000 different species [2, 3] . Even though well investigated the functionality of the frustule is not fully understood but it has been shown that the frustule provides the diatom with several properties; protection from mechanical and biotic stress, efficient nutrition uptake and light harvesting properties [4, [5] [6] [7] [8] [9] [10] . In this work the focus how linear polarized monochromatic light is transmitted through the valve in air. In general when light interacts with the valve it causes either reflection giving rise to iridescence and part of the light can be coupled to the frustule and subsequently waveguided [7] . Or light can be transmitted through the valve where diffraction from the areolae or holes in the valve is the important effect. We have been interested in developing a simple description of the multiple "focus" points described in simulations at a distance corresponding to inside the frustule when light interaction with the valve of the centric species like Coscinodiscus wailesii [8, [10] [11] [12] [13] [14] [15] . Our experiments have been carried out in air which enhances the refractive index difference and thereby the diffraction effect compared to diatoms natural habitat; saline water. Our experimental findings are compared to simulations which allow us to identify important structural parameters necessary for application of the valves in devices or optical components. 
METHODS AND MATERIALS

Morphology and sample preparation
We have been investigating three centric diatom species which differ in frustule diameter, areolae density and areolae diameter. The selected species were harvested, cleaned to remove all organic material from the frustules and subsequently suspended in DI water. Morphological data was extracted from SEM and TEM images where a typical SEM image of the Coscinodiscus wailesii valve is seen on the left in figure 1 and all retrieved data is listed in table 1. The valves of all three diatom species have a similar petri dish shape and with its areolae arranged in a hexagonal pattern as seen on the right in figure 1. Before the optical transmission measurements the diatom solution was drop-casted on a cleaned microscope slide and subsequently air-dried in ambient conditions.
Experimental setup and numerical simulations
For the optical transmission experiments the prepared samples were mounted on an x-y-z-stage with sub-micrometer precision and illuminated by linear polarized 632 nm HeNe-laser with a Gaussian beam profile. With the x-y-z-stage we could select, accurate position in the x-y-plane and move the valve on optical z-axis. To match the illumination area to the valve size of the two smaller species, and thereby reduce edge effects a pinhole was mounted in front of the valve. The laser beam was steered by guiding mirrors and the transmitted light through the diatomic valve was collected by an Light propagation through the valve is simulated by using a fast Fourier transform (FFT) approach where the output field is calculated at a distance z from the valve as described in [16] . The FFT algorithm is evaluated using Matlab and we have designed three different valve masks by using data from SEM and TEM images seen in table 1. The most basic model of the valve is used where the following approximations are done; the areolae are fully transparent and the silica is totally opaque, the areolae is kept in a constant hexagonal pattern across the entire valve and the valve is flat with no curvature.
RESULTS AND DISCUSSION
In the optical experiments the valve is moved from the focus plane and in 1 µm steps along the optical axis. At each step a high resolution CCD image is recorded thereby creating an image stack of cross-sections each corresponding to the intensity profile at that exact distance from the valve. These images are compared to evaluated cross-section profiles at equal positions from simulations. For all three species of diatoms we observe a series of constructive and destructive interference along the optical axis. The position of these bright and dark spots are species dependent i.e. dependent on the difference in morphology parameters between the species. If we regard Coscinodiscus wailesii as our standard which we measure against, the series of bright and dark spot on the optical axis starts at approximately 110 µm for this species. In figure 3 typical cross sections from both simulations and experiments are shown. There is very good agreement of positions of both bright and dark spots between simulation and experiments. For Coscinodiscus concinnus the valve diameter, areolae size and areolae pitch is smaller compared to Coscinodiscus wailesii. We observe that the series of bright and dark spots starts closer to the valve at approximately 80 µm. In figure 4 we have shown typical cross sections from both simulations and experiments again with good agreement between simulation and experimental position of the bright and dark spots. We also observe a smaller or tighter bright spot for this species compared to Coscinodiscus wailesii. The last investigated species, Coscinodiscus granii has a larger valve diameter, areola size and areola pitch compared to both Coscinodiscus wailesii and Coscinodiscus concinnus. We observe in both simulations and experiments that the series of bright and dark spots for this species begins very far from the valve at approximately 1480 µm. In figure 5 both simulations and experimental cross sections with good agreement are shown. We observe for Coscinodiscus granii that the bright spot is less tightly confined compared to the two other species. 
CONCLUSION
Light manipulation by all three centric diatoms show a series of constructive and destructive interference points along the optical axis. The difference in position of these points stems from morphological parameters such as valve diameter, areolae size and the pitch between areolae. Furthermore it has been shown that the spatial confinement of the bright spot also dependents on morphological parameters. Our FFT algorithm when evaluated with a basic mask that includes valve diameter, areolae size and areolae pitch can to a very high degree predict experimental findings for centric diatoms with hexagonal areolae pattern. These findings may lead to prediction of optical transmission properties of diatomic valves and applications in novel micro-optical components.
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